Penicillium expansum, P. digitatum, and P. italicum acidify the ambient environments of apple and citrus fruit during decay development. They use two mechanisms for this: the production of organic acids, mainly citric and gluconic, and NH 4 + utilization associated with H + efflux. Exposure of P. expansum and P. digitatum hyphae to pH 5.0 increased their citric acid production, compared with the production of organic acids at acidic ambient pH. In decayed fruit, both pathogens produced significant amounts of citric and gluconic acids in the decayed tissue and reduced the host pH by 0.5 to 1.0 units. Ammonium depletion from the growth medium or from the fruit tissue was directly related to ambient pH reduction. Analysis of transcripts encoding the endopolygalacturonase gene, pepg1, from P. expansum accumulated under acidic culture conditions from pH 3.5 to 5.0, suggesting that the acidification process is a pathogenicity enhancing factor of Penicillium spp. This hypothesis was supported by the finding that cultivars with lower pH and citric acid treatments to reduce tissue pH increased P. expansum development, presumably by increasing local pH. However, organic acid treatment could not enhance decay development in naturally acidic apples. Conversely, local alkalinization with NaHCO 3 reduced decay development. The present results further suggest that ambient pH is a regulatory cue for processes linked to pathogenicity of postharvest pathogens, and that specific genes are expressed as a result of the modified host pH created by the pathogens.
Penicillium expansum, P. digitatum, and P. italicum are filamentous ascomycete phytopathogens that attack a wide range of deciduous and tropical fruits. The pathogens macerate the host tissue and produce significant amounts of hydrolytic enzymes, with polygalacturonase (PG) being especially abundant (44) . PGs have been implicated as colonization and virulence factors in several plant-infecting fungi, particularly in diseases characterized by tissue maceration or soft rot. Abundant correlative evidence supports the role of PGs in pathogenesis (2, 3, 13, 14, 20, 21, 27) . The disruption of PG genes reduces virulence, which suggests that this enzyme is a significant virulence factor in several plant-infecting fungi (33, 34) . However, in several other cases, disruption of cell wall-degrading enzymes caused only partial or no reduction in pathogenicity, suggesting that not all enzymes produced by the pathogen are required for pathogenicity (33) .
Prusky et al. (29) have suggested that pathogens may enhance their virulence by locally modulating the host's ambient pH. This mechanism ensures that genes encoding cell wall-degrading extracellular enzymes are expressed and that their products secreted under the optimal pH conditions for their functioning (9, 11, 29) . This is consistent with the finding that, although several genes encode cell wall-degrading enzymes, only specific ones are activated during pathogenicity in vivo (29) .
In the case of Sclerotinia sclerotiorum, the secretion of oxalic acid during infection creates the acidic environment necessary for activity of the PG produced by this fungus (19) . In Colletotrichum spp.-avocado fruit interactions, the alkalinization of host tissue during fruit ripening (42) , and the localized alkalinization induced by the pathogen's secretion of ammonia, result in an appropriate pH for expression of pelB and the secretion of pectate lyase (29) . Similar results were obtained for Alternaria alternata; it, too, induced secretion of ammonia and elicited the pH increase needed for the expression of AaK1, an endo-1,4-b-glucanase (11) . Preliminary experiments in our laboratory also indicated that Penicillium spp. colonization is enhanced by low pH in the host tissue (28) . Together, these results suggest that environmental pH is important as a global regulator for enhancing the virulence of several postharvest pathogens.
Our objectives in the present study were to (i) determine if virulence is enhanced under acidic conditions in the host, and evaluate the importance of the pathogen in the regulation of ambient pH during pathogenicity by Penicillium spp.; (ii) identify the mechanism or mechanisms of ambient pH modulation by fungi; and (iii) determine if ambient pH affects the transcriptional regulation of pepg1 in P. expansum. We hypothesized that ambient host pH and Penicillium spp.-induced host acidification control the pepg1 expression necessary for host tissue maceration by this pathogen.
CA. Apple and citrus cultivars were obtained from local suppliers on the day of the experiment. To analyze the effects of ambient pH and carbon source on organic acid production, we inoculated 50 ml of M 3 S medium containing, per liter, 1 g of yeast extract (Difco Laboratories), 1 g of Bacto peptone (Difco Laboratories), 10 g of sucrose, 2.7 g of KH 2 PO 4 , and 2.5 g of MgSO 4 · 7H 2 O at pH 5.5, in a 125-ml flask with 1 × 10 7 spores/ml obtained from a 7-to 10-day-old sporulating culture. This liquid culture was incubated for 2 days at 25°C with shaking at 150 rpm, and then was blended with an emulsifying blender (Bonjour, Pacheco, CA) and incubated for an additional 24 h. The entire culture was harvested by vacuum filtration onto sterile filter paper (Whatman no. 1) and washed twice under vacuum with 50 ml of sterile distilled water. The washed mycelia (average wet weight, 1.2 g) were resuspended in 50 ml of fresh inducing medium containing, per liter, 4 g of yeast extract, 1 g of K 2 HPO 4 , 0.5 g of MgSO 4 · 7H 2 O, and 15 g of sucrose (yeast sucrose medium [YSM] ). Four flasks were inoculated for each initial pH value of 3.0, 5.0, or 7.0 that was adjusted with 0.5 M HCl and 0.5 N NaOH. These cultures were incubated for an additional 24 h. These secondary cultures in inducing medium were harvested by vacuum filtration; the supernatants were saved for pH determination and organic acid quantification and the hyphae for dry weight determination.
In experiments in which the effect of P. expansum on NH 4 + influx (depletion from the medium) was determined, the washed mycelia resulting from growth on M 3 S were resuspended in 50 ml of fresh inducing medium containing, per liter, 0.5 g of NH 4 Cl, 3 , and 5 g of glucose, and the pH was adjusted to 5.0 with 1 N NaOH. These secondary cultures were harvested by vacuum filtration, the supernatants were saved for pH determination and NH 4 + quantification, and the hyphae were saved for dry weight determination.
Inoculation of fruit was carried out by wounding the fruit on four sides to a depth of 2 to 3 mm and placing 25 µl of spore suspension (0.5 × 10 6 spores/ml) into each wound. The fruit then were incubated for 4 days at 20°C and 90% relative humidity. In some experiments, fruit wound sites were treated with 25 µl of citric (3 g/liter) or gluconic (15 g/liter) acid or NaHCO 3 (140 mM) 1 h before pathogen inoculation. In vivo and in vitro experiments were repeated at least three times. The results of one representative experiment are presented. Standard errors (SEs) of the means were calculated.
Partial purification of PG produced by P. expansum. Apple fruit were washed in soapy water and surface disinfested with 80% ethanol. They then were wound inoculated with a spore suspension of P. expansum (0.5 × 10 6 spores/ml). After 13 days of incubation at 20°C, the peel over the lesion was removed and the decayed cortical tissue was collected for PG extraction. The extraction procedure, which was a modification of one previously used (44) , was carried out at 5°C. The decayed cortical tissue (500 g) was homogenized in an equal volume of a solution containing 20 mM 2-[N-morpholino]-ethanesulfonic acid (MES), 1 M NaCl, and 1.5% water-insoluble polyvinylpyrrolidone. The homogenate was adjusted to pH 6.0, stirred for 30 min, and filtered through cheesecloth followed by Miracloth (CalbiochemBoehring, La Jolla, CA). The filtrate was centrifuged at 20,000 × g for 30 min. The supernatant was concentrated to 100 ml by a Minitan ultrafiltration system equipped with 10-kDa cut-off low protein-binding membranes (Millipore Corp., Bedford, MA). The filtrate was centrifuged at 20,000 × g for 30 min and the supernatant was concentrated further to 15 ml in a stirred-cell ultrafiltration system fitted with a 10-kDa cut-off membrane (Amicon, Beverly, MA). The concentrate was dialyzed against deionized water overnight.
The activity of PG in the concentrate was determined by measuring reducing groups released from sodium polypectate, with D-galacturonic acid as the standard, according to Yao et al. (44) . One unit of PG activity was defined as the amount of enzyme required to release 1 µmol of reducing groups per minute under the assay conditions employed. The PG extract was filter sterilized and used to treat apple tissue. The sterilized crude PG extract exhibited a total activity of 320 units and a specific activity of 230 units/mg.
Organic acid quantification. Organic acid levels were measured in supernatants from cultures of P. expansum and P. digitatum, healthy and P. expansum-decayed apples, and healthy and P. digitatum-decayed grapefruit. For organic acid measurements, supernatants from cultures grown on different carbon sources and at various pH levels and filtered extracts of healthy and decayed tissues were analyzed. Samples (20 µl each) were injected onto a PLRP-S column (250 by 4.6 mm; Polymer Laboratories, Amherst, MA). The mobile phase was 0.5% perchloric acid and the flow rate was maintained at 1.0 ml/min. Oxalic acid was detected with a Model 400 electrochemical detector (EG&G, Princeton, NJ) with a glassy carbon electrode set at 1,150 mV. The peak height was quantified and compared with an external standard curve, with oxalic acid dihydrate (Sigma-Aldrich, St Louis) as the standard. For acids other than oxalic, 5 ml of 0.1 N H 2 SO 4 was added to 1-g tissue samples, the mixture was homogenized for 30 s with a Polytron (Brinkmann Instruments, Westbury, NY), and the extract was passed through a 0.45-µm nylon filter. The final extract volume was 5.9 ml. Aliquots (20 µl each) of supernatants, tissue extracts, and organic acid standards were injected onto a Lonpak KC-810P precolumn (6 by 50 mm; Shodex, Tokyo) and a Lonpak KC-811 column (8 by 300 mm) maintained at 50°C. The mobile phase was 0.002 N H 2 SO 4 , and the flow rate was maintained at 1.5 ml/min with a Model 110B pump (Brinkmann Instruments, Columbia, MD). A Model 400 electrochemical detector (EG&G) with a glassy carbon electrode set at 750 mV was used for ascorbic acid quantitation and a Model LC-95 UV detector (Perkin-Elmer, Norwalk, CT) set at 200 nm was used for other organic acids. The peak height for each acid detected in the samples was quantified and compared with an external standard curve based on the appropriate acid standard obtained from SigmaAldrich. All data for organic acid analyses were collected with a Millennium 32 Chromatography Manager (Waters, Milford, CT). pH measurements. pH was measured directly with a microcombination pH electrode Model 9810BN (Orion, Beverly, MA) in 1-to 3-ml aliquots sampled at different times after fungal inoculation, and four replicates were tested for each treatment. Mesocarp pH was determined along a transverse cut through the infection site, made with a scalpel blade. pH measurements were taken by placing the micro pH electrode directly against the exposed tissue, as described previously (29) . All measurements were repeated on 10 to 12 fruit (at least 30 measurements) on the transverse axis of the lesion of each fruit. The SEs of the means of pH measurements were never higher than 2.5%.
Detection of ammonium in the liquid medium and in the tissue. Ammonium concentration was determined in filtered culture medium or tissue extract. Tissue extract was obtained by crushing 2 to 4 g of cortical tissue with a glass rod and centrifuging the liquid through a 4-mm-diameter 0.45-µm filter (Eppendorf Scientific, Inc., Westbury, NY) at 4,000 × g. Ammonium was measured at different times after inoculation with an ammonia electrode Model 95-12 (Orion) in 0.1-to 1-ml aliquots (depending upon the concentration) after the pH of the samples had been adjusted to 10.0 with 10 N NaOH. Different concentrations of NH 4 Cl in the range of 7 to 700 µM were used as standards. Experiments with three replications were repeated at least three times. The results of one representative experiment are presented. SEs of the means were calculated. The ATPase inhibitors, Na orthovanadate at 100 to 200 µM, and diethylstilbestrol at 20 µM (Sigma-Aldrich) were added to the ammonium medium and residual ammonium concentrations were determined 20 h later as previously described (26) .
Polymerase chain reaction subcloning to generate hybridization probes for pepg1 from P. expansum. Two DNA fragments corresponding to nucleotides 1007 to 1386 and 1705 to 2018 from the P. expansum pepg1 gene (accession no. AF047713) were amplified by polymerase chain reaction (PCR) of genomic DNA with the following primers: PE1006 (TGAGGG-AACCACTACTTTCG) plus PE1385 (CGTTCCAGAATTG-ATAGCAAG) and PE1704 (TGTCAAGGCTGTCTCTGG) plus PE2017 (AAGTGCCGGAAGGTGC), respectively. The fragments were cloned into pCRII with a TOPO TA Cloning Kit (Invitrogen, Carlsbad, CA) to generate pCRPG2 and pCRPG, respectively. The 423-bp fragment in pCRPG2 corresponded to exon 2 and the 313-bp fragment in pCRPG1 corresponded to exon 4 of the 3 untranslated region (UTR) of pepg1. Both probes were used separately to repeat and confirm the Northern analyses. Genomic DNA was isolated from the mycelium of P. expansum with a DNeasy QIAGEN kit (Qiagen, Santa Clarita, CA).
Sequence analysis of the PCR-generated fragments of pepg1. Plasmid pCRPG containing the genomic sequences of pepg1 were used as DNA sequencing templates. The sequence of both strands of each subcloned fragment were confirmed (DNA Sequencing Facility, University of Maryland, College Park). Homology to the pepg1 was determined with the BLAST algorithm (accession no. AF047713) and was conducted with the Wisconsin Sequence Analysis Program 9.1 (Genetics Computer Group, Madison, WI).
Northern analysis. Primary cultures were grown and harvested as described above. For experiments to determine the effect of ambient pH on pepg1, harvested cultures were transferred to fresh YSM buffered with 0.5 M citric acid-sodium phosphate buffer to achieve initial pH values between 3.0 and 7.0; the actual initial pH value for each culture was determined after autoclaving. These secondary cultures were incubated for 2, 5, or 7 h, harvested by vacuum filtration, and quickly frozen in liquid nitrogen. Total RNAs were prepared with the FastRNA Kit-RED (BIO 101, Carlsbad, CA). Total RNAs (20 µg/lane) were separated in a 1.2% agarose, 0.36 M formaldehyde/MOPS gel, transferred to a Hybond-N + nylon membrane (Amersham, Arlington Heights, IL), fixed by incubating for 2 h at 80°C, hybridized overnight in a hybridization incubator (Robbins Scientific, Sunnyvale, CA) with 1% bovine serum albumin, 0.25 M Na 2 HPO 4 , and 7% sodium dodecyl sulfate (SDS) solution at 65°C, followed by three washes of 45 min each at 65°C (2× SSC [1× SSC is 0.15 M NaCl plus 0.015 M sodium citrate] + 0.5% SDS; 1× SSC + 0.5% SDS; and 0.1× SSC + 0.5% SDS) as described by Church and Gilbert (7), and autoradiographed essentially as described by Ausubel et al. (1) . An RNA ladder standard (GibcoBRL) was used to estimate the lengths of the RNAs. Probes were synthesized with a random priming kit with 32 P-dATP as the label (Boehringer Mannheim, Indianapolis, IN). For all hybridizations, a 32 P(dATP)-labeled probe was diluted to 1 × 10 6 dpm/ml. The sequences used for hybridization were two probes of the endopolygalacturonase-encoding pepg1 coding sequence (41) (accession no. AF047713) and the rDNA repeat sequence from Neurospora crassa from pMF2 (12) . The washed blot was autoradiographed and exposed to a Fuji BAS (Bio Analyzing System) sample screen. Images were captured with a Fuji BAS reader (Fujifilm, Tokyo). Hybridization signals were quantified with MacBAS software version 2.3 (Fujifilm). The reported relative level of signals in each lane was corrected based on the background intensity and hybridization signal from the rDNA probe.
RESULTS
The relationship between pH decrease and decay development by Penicillium spp. in apple and citrus fruit. P. expansum decayed 'Granny Smith', 'Gala', 'Red Delicious', 'Fuji', and 'Golden Delicious' apple fruit within 4 to 6 days after inoculation. The pH in nondecayed tissue ranged between 4.0 and 4.5 (Table  1) ; whereas, in the center of the decayed tissue ( 15-mm in diameter), the pH decreased to 3.6 to 4.1. The pH values at the edge of the decayed tissue and the adjacent edge of the healthy tissue were very similar to those observed in the decayed and healthy tissue, respectively (data not shown). P. digitatum and P. italicum isolates caused decay symptoms 5 to 6 days after inoculation of citrus fruit and decreased the pH of the tissue from 4.6 to 4.8 in the healthy tissue to 3.0 to 3.2 in the decayed lesion ( Table 1) .
The relationship between apple flesh pH and colonization by P. expansum was examined by using cultivars with differing initial pH and by local modulation of the tissue pH. The sizes of the decay lesions caused by P. expansum infection in the three apple cvs. Fuji, Rome, and Granny Smith increased as the pH of the untreated tissue decreased from 4.5 to 3.8 (Table 2) . Similarly, treatment of Fuji fruit, which has an untreated tissue pH of 5.3, with citric or gluconic acid enhanced P. expansum decay development, but the same treatment did not affect decay development in Golden Delicious apples, which had a pH of 4.4 (Fig. 1) . However, treatment of Golden Delicious apples with a 140-mM NaHCO 3 solution resulted in an increase of pH to .1 and to reduced P. expansum-induced decay (Fig. 2) . Similar results were obtained in NaHCO 3 -treated Fuji fruit (data not shown). The mechanism of acidification during colonization. In vitro organic acid production by P. expansum and P. digitatum. Analysis of organic acids secreted by P. expansum and P. digitatum during 24 h of growth in YSM indicated that citric acid was the main product, while minor amounts of fumaric and oxalic acid also were detected. For both Penicillium spp., when accumulation of citric acids was compared among cultures having the initial pH values of 3, 5, and 7, the greatest amount of citric acid was produced at pH 5 after 24 h (Table 3) .
In vivo organic acid accumulation induced by P. expansum and P. digitatum. In grapefruit decayed by P. digitatum, citric acid content increased by 52% and gluconic acid content by 150% (Table 4 ). In P. expansum-decayed apple fruit, the accumulation of gluconic and fumaric acids increased from 0 to 1,586 and 6.0 µg g -1 fresh weight, respectively, and citric acid content increased by 64%. In contrast, ascorbic acid declined significantly in these same experiments (Table 4) . No significant amount of oxalic acid production was detected in decaying citrus or apple tissue. The addition of purified PG from P. expansum to wounded apple tissue did not induce any organic acid accumulation up to 48 h after the treatment in the macerated tissue (data not shown), suggesting that the host-pathogen interaction is needed for organic acid accumulation.
Ambient pH and NH 4
+ influx induced by P. expansum, P. digitatum, and P. italicum. The possibility that another mechanism of acidification is induced by Penicillium spp. was tested. When P. digitatum and P. italicum were transferred, during the inducing period, to a secondary medium containing 11 mM NH 4 Cl at pH 4.8, the NH 4 + concentration in the medium decreased by >75% in both P. digitatum (Fig. 3) and P. italicum (data not shown) cultures. During the same period, the pH of the culture media of P. digitatum and of P. italicum decreased to 3.8 and 3.1, respectively. In similar experiments in which P. expansum was transferred, during the inducing period, to a secondary medium containing NH 4 Cl at pH 5.0, the NH 4 + concentration in the medium decreased by >99% over a period of 17 h. At the same time, the pH decreased from 5.0 to 2.4 (data not shown). Exposure of P. expansum hyphae to 100 to 200 µM Na-orthovanadate or 20 µM diethylstilbestrol partially inhibited NH 4 + depletion from the medium, with levels decreasing by 47 and 29%, respectively.
Analysis of the ammonium content in the decayed tissue of three apple cultivars showed >60% reduction in ammonium concentration and pH decreases of up to 0.6 units compared with healthy tissue in the same fruit (Table 5 ). Similar analysis of decayed grapefruit tissue showed an 50% reduction in ammonium concentration.
Ambient pH and pepg1 expression of P. expansum. The influence of ambient culture pH on the accumulation of transcripts encoding the endopolygalacturonase enzyme from P. expansum was examined by Northern blot analysis. Mycelia were transferred from primary cultures with an average pH of 5.5 to fresh secondary cultures with a series of pH values from 3.0 to 7.0. Analysis of the pepg1 transcript levels with the 3 UTR probe, 5 h after induction, showed that pepg1 accumulation ranged between 3.5 and 5.0, but was highest at pH 4.0 (Fig. 4) . Minor expression was observed at pH values higher than 5.0 (data not shown).
DISCUSSION
Host pH modulation by pathogens recently was suggested as an important factor in enhancing the virulence of postharvest patho- Ten fruit were wounded on four sides (40 inoculations) and 50 µl of citric acid or gluconic acid was applied to the wound. One hour later, 25 µl of P. expansum (0.5 × 10 6 spores/ml) in water was applied to the wound. Lesion size was measured every second day during the first 9 days after inoculation. Fig. 2 . Modulation of Penicillium expansum virulence by Na-bicarbonate in apple fruit, cv. Golden Delicious. Ten fruit were wounded on four sides (40 inoculations) and 50 µl of Na-bicarbonate (140 mM) was applied to the wound. One hour later, 25 µl of P. expansum (0.5 × 10 6 spores/ml) in water was applied to the wound. Lesion size was measured daily during the first 8 days after inoculation.
gens. Alkalinization of the ambient pH was shown to modulate pectolytic gene expression of hydrolases in Colletotrichum gloeosporioides (29) and of glucanases in A. alternata (11) . C. gloeosporioides, C. acutatum, and C. coccodes locally increased ambient pH values by the secretion of ammonia in avocado, apple, and tomato fruit, respectively (29) . In the present study, P. expansum, a broad-host-range phytopathogenic fungus, showed increased virulence as the pH of the apple fruit decreased. P. expansum also actively reduced the pH of the tissue by 0.3 to 0.6 during decay development in five apple cultivars. This is not the first observation that a pathogen decreased host pH during disease development. S. sclerotiorum reduced host pH during pathogenicity by secreting large amounts of oxalic acid, thus creating an acidic environment in which to grow and cause disease (15, 23, 31) . However, the present findings suggest that fungal virulence was affected by a combined effect of host and pathogen on ambient pH as found in avocado fruit (43) . Examination of apple cultivars after storage indicated that, as the pH of the apple fruit became more acidic, P. expansum colonization increased. Furthermore, P. expansum colonization could be enhanced by treatments with exogenous citric and gluconic acids, or suppressed by NaHCO 3 treatment, findings which, together, suggest that tissue acidification is a significant factor in determining virulence.
How do Penicillium spp. acidify the host tissue? The growth of P. expansum in the presence of 1.5% sucrose resulted in the accumulation of high levels of citric acid and a pH decrease from 7.0 and 5.0 to 4.5 and 4.2, respectively. The secretion of citric acid in culture by other Penicillium spp. has been reported previously (8) . However, in the present study, the accumulation of citric and gluconic acids in decayed apple and grapefruit tissue suggest that the acidification of the tissue results, at least in part, from the accumulation of these acids. The concentration of citric acid in decayed apple was twice that found in healthy fruit; and, in citrus fruit, where the basal level of citric acid is much higher than in apple, the citric acid concentration increased by 50% during decay. Although gluconic acid production by P. expansum or P. digitatum was not detected under in vitro conditions, its accumulation during P. expansum-and P. digitatum-induced decay in apple and citrus fruit was higher than that of citric acid. In contrast to previous studies with Sclerotinia spp., oxalic acid accumulated only in minor amounts in Penicillium cultures and was not detected in decayed tissue. When P. expansum and P. digitatum were grown in the presence of sucrose, the highest citric acid production was observed at pH 5.0, and lower amounts were found at neutral pH, suggesting a reduced efficiency to acidify fruit tissue having a pH higher than 7.0. Whether the pathogen itself or the host tissue, under induction by the pathogen, is the source of the organic acids being produced during decay is not clear. The occurrence of gluconic acids in decayed tissue might suggest the host contribution when affected by the pathogen. Our results suggest, however, that PGs produced by P. expansum are not the inducers of organic acid accumulation by the fruit.
P. expansum has developed a parallel mechanism for tissue acidification that involves the NH 4 + uptake from the apple tissue. Ammonium concentrations decreased significantly in the acidified, decayed tissue. Ammonium is one of the preferred nitrogen sources for fungi, and Penicillium spp. take up NH 4 + efficiently (32) accompanied by stoichiometric H + excretion. Ross and Luckner (32) suggested the presence of an H + -translocating ATPase in P. cyclopium that functions as a proton pump under specific physiological conditions. It might be assumed that the plasma membrane possesses pathways for the permeation of the cationic species (22) . The extent of the NH 4 + depletion from the medium and from decayed tissue suggests that P. expansum and P. digitatum have a significant ammonium-transport system or systems that may affect ambient pH. The finding that ATPase inhibitors, such as Na orthovanadate and diethylstilbestrol, partially inhibited NH 4 + influx in P. expansum further supports this suggestion.
What is the importance of tissue acidification for Penicillium spp. virulence? McCallum et al. (25) indicated that aggressive P. expansum isolates reduced pH faster than the weaker isolates. The capability of pathogens to acidify the environment has resulted in the expression of genes and the secretion of many hydrolytic enzymes encoding genes (4), including PGs (17, 31, 38) . Transcript analysis of the endoPG-encoding gene pepg1 from P. expansum shows that it occurred between 3.5 and 5.0, with the highest transcript level observed at pH 4.0. pepg1 was shown to be expressed in vivo by Yao et al. (44) in decayed tissue that generally had a pH ranging between 3.6 and 4.0. Furthermore, our present results indicate that colonization of the tissue was faster in cultivars having a lower untreated tissue pH or if they were treated with organic acid. Organic acid treatment, however, could not enhance colonization in those cultivars where their untreated tissue pH was already low. Both results support the hypothesis that acidification of the tissue provides a better pH for pepg1 expression. Experiments were repeated at least three times. The results of one representative experiment are presented. . Organic acid concentrations were determined by high-performance liquid chromatography using a pure sample as a standard. All measurements were repeated four times from the decayed lesion of different fruit.
It should be pointed out that freshly harvested apple fruit and those stored commercially in optimal conditions (controlled atmosphere) usually show decay development only after a long storage period (4 to 6 months). This may suggest that the pH regulation of the environment would become critical following a decline of possible resistance mechanisms (e.g., preformed compounds, phenolic content, cell wall resistance, and so on). Under these conditions, the acidification of the environment by citric and gluconic acids, along with strong chelating activity of calcium and other ions (23) , might have a synergistic effect and enhance the expression of genes and secretion of specific enzymes needed to facilitate fungal attack (29) . Citric and gluconic acids accumulation were shown to decrease calcium concentration in the intercellular spaces of plant tissues and alter mineral balances and would, thereby, affect the stability of cell membranes and cell wall pectate polymers (19, 21) . Destabilization of cell membranes and cell walls would enhance the sensitivity to pathogen-produced pectolytic enzymes similarly to what has been reported for oxalic acid (24) . The secretion of organic acids also might have an indirect effect on pathogenesis by the suppression of fruit resistance. It was reported that the secretion of oxalate by S. sclerotiorum suppresses the plant oxidative burst (6) . If this is combined with the reduction in host pH which inhibits the activities of plantproduced polyphenol oxidase (21, 25) , this could result in a relatively broad and significant role in pathogenesis.
The extent of the effect of ambient pH on different pathogenic systems might suggest that pH is a regulator of gene expression (5, 11, 29, 31) . In specific cases, the pathogen activates the mechanism of alkalinization and, in others, the mechanism of acidification. The principle behind the idea of ambient pH regulation is that this mechanism ensures that genes encoding extracellular enzymes are expressed and that their metabolites are secreted under the pH conditions at which they function best (9, 29) . This would indicate that only specific enzymes out of the battery of enzymes produced by the pathogen are specifically involved. The pathogen would then actively change the environment to enhance the specific involvement of the preferred enzymes. However, the observation that optimal activity of the pure enzyme are not close enough to the optimum pH for gene expression suggests that disease incidence probably is dependent on gene expression and protein secretion rather than optimal enzyme activity. In those cases, the effect on the stability of cell membranes and cell wall pectate polymers created by the accumulation of oxalic (25) , gluconic, or citric acid would enhance the sensitivity to pathogenproduced pectolytic enzymes in addition to the environmental conditions created by the ambient pH to secrete the protein. These findings suggest that P. expansum, P. digitatum, P. italicum, C. gloeosporioides, and A. alternata could use the ambient pH environment where organic acids and ammonium is secreted as a regulatory cue for disease development. We recently found that Botrytis cinerea also decreased the pH of the decayed tissue (D. Prusky, unpublished data). Transcript levels of Bcpg3 encoding for PG in B. cinerea (41) also were activated under acidic conditions. In this case, the presence of a large endoPG gene family may enable the differential expression of the family members under different growth or host conditions. Together, these results suggest that local pH modulation by pathogens may be a more common mechanism than previously thought for increasing virulence during postharvest attack.
The finding that ambient pH may play a major regulatory role in pepg1 expression suggests the importance of ambient pH regulation by Penicillium spp. An ambient pH signal transduction pathway has been characterized in Aspergillus nidulans, and several components of this pathway, including the pH-dependent transcriptional regulator pacC, have been cloned and characterized in S. sclerotiorum (31, 39) and C. gloeosporioides (10, 28) . pacC homologs also have been identified in P. expansum (Hadass, Pines, and Prusky, accession no. AY225524) and in the closely related filamentous fungus A. niger (18) , in P. chrysogenum (37) , in yeasts (16, 30, 36, 40) , and, more recently, in Fusarium oxysporum f. sp. lycopersici (5) . Ambient pH sensing and gene regulation may be one basis for viable strategies for blocking disease development by a broad range of postharvest pathogens.
